The heat treatable aluminumecopper alloy AA2014 finds wide application in the aerospace and defence industry due to its high strength-toweight ratio and good ductility. Friction stir welding (FSW) process, an emerging solid state joining process, is suitable for joining this alloy compared to fusion welding processes. This work presents the formulation of a mathematical model with process parameters and tool geometry to predict the responses of friction stir welds of AA 2014-T6 aluminum alloy, viz yield strength, tensile strength and ductility. The most influential process parameters considered are spindle speed, welding speed, tilt angle and tool pin profile. A four-factor, five-level central composite design was used and a response surface methodology (RSM) was employed to develop the regression models to predict the responses. The mechanical properties, such as yield strength (YS), ultimate tensile strength (UTS) and percentage elongation (%El), are considered as responses. Method of analysis of variance was used to determine the important process parameters that affect the responses. Validation trials were carried out to validate these results. These results indicate that the friction stir welds of AA 2014-T6 aluminum alloy welded with hexagonal tool pin profile have the highest tensile strength and elongation, whereas the joints fabricated with conical tool pin profile have the lowest tensile strength and elongation.
Introduction
The fusion welding of heat treatable aluminum alloys has always been a great challenge for designers and technologists. The difficulties associated with these joints are presence of a tenacious aluminum oxide, high thermal conductivity, high coefficient of thermal expansion, solidification shrinkage, and adsorbed gases in molten aluminum [1] . In fusion welding, formation of brittle inter dendritic structure occurs due to eutectic melting and resolidification of the fusion zone, which results in decreasing in the mechanical properties like lower strength, hardness and ductility [2, 3] . In addition to the above, the high strength aluminum alloys AA 2014 are prone to solidification cracking. Therefore, the fusion welding processes are not suitable for joining these alloys.
Friction Stir Welding (FSW) is a solid state joining technique developed by TWI, Cambridge, in 1991 [4] . FSW is immune to the defects and property deteriorations such as melting, solidification, dissolution and or coarsening of precipitates and softening of heat affected zone. In addition, the extensive thermomechanical deformation induces dynamic recovery and dynamic recrystallization that refine the weld microstructure [5] . Therefore, FSW welds have shown the improved mechanical properties compared with fusion welds [6e8] . The present research work focuses on the development of mathematical models to predict the mechanical properties (yield strength, tensile strength and percentage elongation) of FSW joints of aluminum alloy AA2014 and to study the effects of various process parameters, viz., tool rotational speed, welding speed, tilt angle and tool pin profile, on the mechanical properties of friction stir welded joints.
Experimental work

Identifying the important process parameters
The primary process parameters affecting the mechanical properties, yield strength, tensile strength and percentage elongation were chosen through literature search and several preliminary lab experimentations. These parameters were found as rotational speed (x 1 ), welding speed (x 2 ), tilt angle (x 3 ) and tool pin profile (x 4 ) [9e17] (see Fig. 1 ).
Determining the working range of process parameters
Several trial experiments were carried out on 5 mm thick AA 2014-T6 aluminum alloy to find out the feasible working range of process parameters. Different combinations of process parameters were used to carry out trial experiments for determining the working range of each process parameters. These ranges of process parameters were determined in such a way that the joints were free from defects. The ranges were fixed using microstructure features of the weld cross sections. The following observations were made on the microstructure features: a) When the rotational speed was less than 600 rpm, no sufficient heat was generated and the FSW tool got stuck in the material and it was not possible to carry out the welding. Warm hole at the retreating side of the weld nugget was observed, as shown in Fig. 2 , which may be due to insufficient heat generation and correspondingly improper material flow. On the other hand, at rotational speed higher than 1400 rpm, an excess heat was generated during welding, resulting in the turbulence of material flow which leads to the formation of fine aluminum powder. b) When the welding speed was less than 200 mm/min, at constant rotational speed, the excess heat was generated, which resulted in turbulent material flow. When the welding speed was higher than 1000 mm/min, a warm hole at the retreating side was observed due to inadequate flow of material caused by insufficient heat input. c) When the tilt angle was lower than 1.5 , the tunnel and crack like defects were observed in the middle of the cross section, due to the improper consolidation of the material and the insufficient downward force; When the tool tilt was increased above 3.5
, the excess flash and thinning of the weld due to excessive penetration of the shoulder into the weld were observed. d) Tool profile is the secondary process parameter, which purely influences material flow during welding. The profiles of five different tools were chosen viz. conical, triangular, square, pentagon and hexagon with constant dynamic volume. The tools are made from H-13 tool steel. Appearance details are provided in Fig. 3 . All these tool profiles produced sound welds. The cross sections of the welds produced by different tool profiles were subjected to metallographic examination to observe the microstructure. It is clear from the microstructure that the weld produced by conical profile was subjected to frictional force (material drag) exerted by the tool, and the friction dominated material flow was observed. Whereas the welds produced by hexagonal tool profile showed shear deformation, and the weld nugget was subjected to excessively worked microstructure due to the pulsating effect of the tool profile, which resulted in the better mechanical properties of the joint (Fig. 4 ).
AA2014-T6 with 5 mm thick aluminum alloy plates were cut into the required size (300 mm Â 80 mm) and the thickness side was machined to get square butt joint configuration for fabrication of FSW joints. The position controlled Friction stir welding machine (ETA make Bangalore) was used for welding, as shown in Fig. 5 . The analyzed chemical composition and mechanical properties of the base metal are provided in Table 1 . The welding direction is perpendicular to the rolling direction of the plate.
The process parameters and their working range are given in Table 2 . Central composite design was chosen with four process parameters varying at five levels [18] . Based on the design matrix, 30 sets of experimental conditions and corresponding responses are presented in Table 3 . level with the other three variables at intermediate levels constitute the star points. Thus the 30 experimental conditions allowed the estimation of the linear, quadratic and two-way interactive effects of the process parameters on the responses (yield strength, tensile strength and elongation) of friction stir welded joints. Friction stir welding is carried out as per the design matrix at random to avoid any error creeping into the system. The macrographs of friction stir weld surfaces are shown in Fig. 6 . The transverse tensile specimens were extracted from the weld joints by electro discharge machining (EDM), prepared and tested on Instron (Model No.1100) universal testing machine as per ASTM E8M-04 standards. The yield strength, ultimate tensile strength and percentage elongation are evaluated and the average of the three specimens is presented as the responses in Table 3 .
Developing mathematical model
Response surface methodology
Response surface methodology (RSM) is a collection of mathematical and statistical techniques useful for analyzing the problems in which several independent variables influence a response. The objective of the response surface methodology is to find those settings of process parameters that give an optimum value of the response. In addition, it provides a regression model that establishes relationship between the process parameters and response. This relationship can be used to predict the response when the process parameters are varied within the selected ranges. The regression model geometrically represents surface, when plotted as response versus any two process parameters. Such plots make it possible to visualize the relation between the response and process parameters. Contour plots for corresponding response surface facilitate visually to locate the process parameter values that give optimum response.
The above-mentioned regression model or the response surface model is the form of
where y ¼ either Y.S or UTS or Percentage elongation as case may be x 1 -tool rotational speed, x 2 -tool traverse speed, x 3 -tilt angle, x 4 -tool profile. 
Checking for adequacy of model
The adequacy of the developed model is tested using the analysis of variance (ANOVA) technique and the results of second order response surface model fitting in the form of analysis of variance. ANOVA for yield strength, tensile strength and percentage elongation are shown in Tables 4e6 respectively. If the calculated value of F ratio of the developed model is less than the standard F ratio (from F-table) value at a desired level of confidence 95%, then the model is said to be adequate within the confidence level. The value of prob > F for three developed models is less than 0.05 (95% Confidence level), which indicates that the model is significant and lack of fit is not significant, as desired [9,15e19] . The normal percentage probability vs residual plots for yield strength, ultimate tensile strength percentage elongation are shown in Fig. 7 which reveals that the residuals are falling on straight line, which means the errors are distributed normally [20] . The experimental value vs predicted value of the responses from regression equations are presented in Fig. 8 , which reveals that there is very good correlation between the experimental value and predicted value of the responses. All the above considerations indicate an excellent adequacy of the regression models.
All the coefficients were estimated and tested by applying 'F-test' using trial version of Design-Expert software for their significance at a 95% confidence level. After determining the significant coefficients, the final model was developed to predict the yield strength (Eq (2)), ultimate tensile strength (Eq 
Optimizing the process parameters
In order to determine the process parameter values that give optimum response, contour plots were used. These are plotted for each response vs any of the two influential process parameters, while keeping other parameters as constant. These response contours can help in the prediction of the responses at any zone of the experimental domain. A contour plot is produced to visually display the region of optimal factor settings. Once the stationary point is found, it is usually necessary to characterize the response surface in the immediate vicinity of the point. Characterization is to identifying whether the stationary point found is maximum or minimum response or saddle point. Contour plots play very important role in the study of the response surface. Trial version of Design-Expert software is used to optimize the process parameters for obtaining the maximum responses (mechanical properties).
Confirmation test
Confirmation experiments were conducted at the optimum setting of process parameters. Rotational speed (x 1 ¼ 1000 rpm), traverse speed (x 2 ¼ 800 mm/min), tilt angle (x 3 ¼ 3.50) and Tool Profile (x 4 ¼ Hexagon) were set, and the average tensile strength of friction stir welded AA 2014-T6 aluminum alloy was found to be 435 MPa, which was within the confidence interval of the predicted optimal tensile strength. Average yield strength and percentage elongation were also evaluated at their optimal conditions, and their values obtained were in the confidence interval.
Results and discussion
From the regression models, the effects of friction stir welding process parameters viz. tool rotational speed, welding speed, tool tilt angle and tool profile on yield strength, ultimate tensile strength and percentage elongation of friction stir welded joints were evaluated. The four operating parameters considered directly affect on generation of frictional heat and causes the plastic flow of the material. It is observed that when the combinations of parameters create very low or very high frictional heat and material flow, then lower tensile strength is observed. The friction stir welding process leads to the clustering of the strengthening precipitates in the regions of TMAZ, HAZ and weld nugget. Therefore, the friction stir welded joints of aluminum alloys have lower tensile Fig. 7 . Normal plots of residuals for the responses. elongation than that of the base metal. The decrease in elongation is also due to localization of strain occurring in the regions softened by the welding process resulting in a comparatively low overall strain-to-failure, i.e. elongation [21] . When the combination of operating parameters increase the plastic flow of material and the frictional heat, then a corresponding decrease in the tensile elongation of the joints was observed. The possible causes for the effects of different welding parameters on tensile strength and tensile elongation are interpreted as follows.
Effect of process parameters on yield strength
The significant terms identified based on Eq. (2) are tool traverse speed (x 2 ), tool profile (x 4 ) interaction effect of tool rotational speed and traverse speed (x 1 x 2 ), traverse speed and tilt angle (x 2 x 3 ), traverse speed and tool profile (x 2 x 4 ), tilt angle and tool profile (x 3 x 4 ) etc. The negative co-efficient of tool rotational speed indicates that the yield strength decreases with increase in rotational speed, as shown in Fig. 9 . Similarly as the traverse speed increases, the yield strength increases as shown in Fig. 10 . Arbegast explained a relationship between tool rotational speed and tool traverse speed at that heat index is proportional to tool rotational speed and inversely proportional to tool traverse speed [22] .
where T is peak temperature, T m is the melting point of the material, 'u' is rotational speed in rpm, 'w' is travel speed in inch/min, 'K' and 'a' are material constants and here are considered as 0.75 and 0.06, respectively. Increased heat index or heat input results in the metallurgical transformation, such as dissolution and coarsening of strengthening precipitates in the weld zone [23] , and the lowering of dislocation density which decreases the yield strength of the friction stir welded joints [24e26]. The yield strength increase marginally with increase in tilt angle. As the tilt angle increases, the increase in consolidation of the material during welding results in the increased yield strength. Pin profile plays a crucial role in material flow and in turn regulates the welding speed of the FSW process. Friction stir welds are characterized by well-defined weld nugget and flow contour. These contours are dependent on the tool design and welding parameters. Oosterkamp et al. identified the role of tool pin in the FSW, and the tool pin is to extrude the material from advancing side and forge at retreating side during translation of the tool [25] . The primary functions of the tool pin are to stir and plasticize the metal and move behind it to form sound joint. The joints fabricated by hexagon tool profile exhibit the highest yield strength irrespective of welding parameters. The tools with noncircular profiles are associated with eccentricity during friction stir welding (due to flat faces). This eccentricity allows hydro-mechanically incompressible plasticized material to flow more easily around the pin. Essentially it is the ratio of the static volume (physical volume) of the pin to dynamic volume (volume generated during rotation and it is strongly dependent on pin geometry) of the pin providing a path for the plasticized material to flow from the leading edge (Advancing side) to the trailing edge (retreating side). Moreover, the eccentricity of the lobes of noncircular pins assisting the breaking up of the oxides and fine grain structure in the nugget is the basis for better tensile properties. The tool pin profile with flat faces produces the pulsating effect and better plastic flow of material [15] . Therefore, the friction stir welding tools with 3, 4, 5 and 6 faces, viz. triangle, square, pentagon and hexagon produce the joints with increasing order of tensile properties [27] . There is no pulsating effect in the case of conical tool pin which produces the joints with lesser tensile properties. Ratio of pin volume to swept volume and number of pulses for each tool profile are shown in Table 7 .
Effect of process parameters on ultimate tensile strength
The significant terms identified based on Eq. Based on Eq. (3) and Fig. 11 , the effects of tool rotational speed and traverse speed on ultimate tensile strength can be analyzed, the increase in tool rotational speed with traverse speed resulted in the increased tensile strength of friction stir welded joints. From Eq. (3), it can be noticed that lower the rotational speed the better is the UTS. The effects of traverse speed and tilt angle on tensile strength are shown in Fig. 12 . UTS is lower at 200 mm/min and reaches maximum at 600 mm/min and after that there is a decreasing trend in UTS. It may be due to higher heat input at lower traverse speed and reaches an optimum heat input at 600 mm/min. Further increase in traverse speed (above 600 mm/min) results in insufficient plastic flow of the material around the tool due to excess heat generated. The increased tensile strength was observed with increase in tilt angle (from 1.5 to 3.5 ) and tool profile (from conical to hexagon). As the tilt angle increases, the frictional heat increases and the plasticized material under the shoulder is better consolidated. Tilt angle also improves the tool life by decreasing the thrust on the tool compared to 0 tilt and by increasing the tool tilt, and several welding defects can be eliminated, like pin-hole, formation of cavity, and tunnel type defects. The interactive effect of traverse speed and tool profile on tensile strength is shown in Fig. 13 and the interactive effect of tilt angle and tool profile on tensile strength is shown in Fig. 14. From Figs. 13 to   14 it can be concluded that, as the traverse speed and tilt angle increases above 600 mm/min and above 2.5 , respectively, without circular tool pin (hexagon), the tensile strength can reach to 420 MPa.
Effect of process parameters on percentage elongation
The significant terms identified based on Eq. (4), are tool tilt angle (x 3 ), tool profile (x 4 ), interaction effect of tool rotational speed & traverse speed (x 1 x 2 ), tilt angle & tool profile (x 3 x 4 ). From Eq. (4) it can be observed that the effects of tool rotational speed and tool traverse speed on percentage elongation are negligible. The interactive effect of tool rotational speed and traverse speed on percentage elongation is shown in Fig. 15 . The interactive effect of tilt angle and tool profile on percentage elongation is shown in Fig. 16 . Increase in tilt angle resulted in proper consolidation of the material under the shoulder and non circular (hexagon) tool profiles yielded worked microstructure which gives high ductility. The welds carried out using hexagon tool have the highest percentage elongation whereas the joint using conical tool profile showed the lowest percentage elongation.
Conclusions
1) Regression equations were developed based on the experimental values of yield strength, ultimate tensile strength and percentage elongation of the friction stir welded joints of aluminum alloy AA 2014-T6. The developed models can be used to predict the responses within ±10% of their experimental values at 95% confidence level. 2) Based on the regression models the effects of operating parameters on yield strength, ultimate tensile strength and percentage elongation of the friction stir welded joints were presented and interpreted in detail. The hexagon tool profile produces higher pulsating effect and smooth material flow which resulted in the highest tensile strength and percentage elongation, whereas the conical tool profile produces the lowest tensile strength and percentage elongation.
3) The increase in the tool rotational speed or the decrease in welding speed leads to the increase in heat input to the weld, and the mechanical properties are affected severely. 4) The increase in the tool tilt angle leads to the better consolidation of the material under shoulder and the increased mechanical properties. 5) The joints fabricated using hexagon pin profile tool with a rotational speed of 1000 rpm, welding speed of 800 mm/ min, and tilt angle of 3.5 exhibited superior tensile properties compared to other joints. 6) The optimum mechanical properties obtained from the response surface model are predicted by using a rotational speed of 1000 rpm, traverse speed of 800 mm/min, tilt angle of 3.5 degrees and hexagon tool profile.
